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Here, we present results from a study of DNA/RNA bases interacting with gold and silver atoms at three
charge states: neutral, cationic, and anionic. Using a real-space DFT methodology, we describe the nature of
the stability, bonding, and electronic properties in each hybrid metal. After studying five isolated nucleobases,
including the effect of pairing respective DNA-Watson-Crick base pairs and the sugar-backbone by studying
the nucleotide guanine monophosphate, we discerned that the energetic ordering of isomers, for a given base-
metal combination, follows simple electrostatic rules, and therefore can be extrapolated to more complex
structures. When considering the electronic properties of the ground-state structure in every combination of
base and charge, we derived several general features. First, allthough the metal localizes almost all of the
extra charge in the anionic system, a donation of charge is shared almost equally by the metal and nucleobase
in the cationic system. Second, the frontier orbitals of the anionic and cationic system are different, with the
latter tending to have more effects from the pairing and inclusion of the backbone. Finally, the electronic gap
varies greatly among all of the considered structures and is particularly sensitive to the backbone participation
in the bonding. Thus, it could be further used as a fingerprint when searching Au/Ag-DNA hybrid atomic
structures.
I. INTRODUCTION
Because of their unique optical properties, stabilized
noble metal nanoclusters (MNCs) have gathered a great
deal of attention in biochemistry. These nanostructures
have the capacity to emit and absorb straightforward
electromagnetic radiation in the visible range. This
property can be tuned by changing the size (number of
atoms), the electronic charge, and/or the surrounding en-
vironment. Experimentally, there has been a wide range
of stabilizers used, including dendrimers, DNA strands,
and water-soluble polymers1. Yet, despite the wide in-
terest received and experimental efforts underway, MNCs
actual structure is unknown. In addition, cluster fluxion-
ality and a non-covalent metal-organic interaction would
allow that isomers close in energy can be attained by
thermal agitation. A long-range ordering in the form of
crystals therefore can hardly be achieved, and computa-
tional support becomes of high necessity in the search for
stabilized MNCs atomic structures.
Among the most remarkable stabilizers the DNA/RNA
polymers have emerged as a promising bottom-up
technology2. These hybrid metallic nanostructures
present high fluorescent properties upon interaction with
few-atom noble metal clusters, in particular gold3 and
silver4,5. Recently, an experimental breakthrough has
made it possible to measure the composition of DNA-
stabilized fluorescent silver clusters6. These advances in
separation techniques and optical characterization have
led to the first identification of numbers of neutral silver
atoms, silver ions, and DNA strands contained in fluo-
rescent Ag-DNA complexes. Based on their results, the
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experimental group has proposed several models of highly
charged rod-like structures that would follow a shell (or
jellium model) for absorption and emission properties.
To explore this type of shell-structure model with a
superatomic electronic counting rule7 for the metal in
DNA/RNA complexes, it is necessary to define an atomic
stabilizing layer, a metal core, and to have a set of well-
defined electronic properties that the model can explain
in a simple way. A guide for this type of exploration, us-
ing only ab initio methods, has been presented for metal
clusters (of gold, aluminum, and gallium) with different
organo-metallic interactions (covalent, ionic, and polar-
ized ionic, respectively)8.
Previously, several computational studies mainly fo-
cused on DNA/RNA-MNCs properties by fixing the
charge state or considering a reduced number of nucle-
obases: search of the structures of the DNA/RNA bases9,
Watson-Crick base pairs10 interacting with small neutral
gold clusters, and single nucleobases interacting with dif-
ferent noble metal atoms11,12, among others.
In this work, we provide an overview of every possi-
ble gold and silver metal atom in DNA/RNA geometries
—reporting each atoms corresponding electronic proper-
ties as a step towards the modeling of hybrid DNA/RNA-
MNCs. We carried out this research using the simplest
model of a single nucleobase —guanine (G), adenine (A),
thymine (T), cytosine (C) and uracil (U) —interacting
with one noble metal atom (gold and silver) at different
charge states (cationic, neutral, and anionic). We studied
structural and electronic properties, including ionization
potential and electron affinity, Bader charge, electronic
gap, and localization of frontier orbitals. For every prop-
erty, the effects of pairing between bases (Watson-Crick)
and the presence of the sugar backbone (guanosine nu-
cleotide) were also simulated and discussed.
ar
X
iv
:1
40
3.
34
94
v3
  [
co
nd
-m
at.
mt
rl-
sc
i] 
 20
 M
ay
 20
14
2II. COMPUTATIONAL METHODOLOGY
We studied the following systems: DNA/RNA nucle-
obases (see top of Fig.1), the DNA Watson-Crick base
pairs (see center of Fig.1) and one nucleotide with gua-
nine as nucleobase: dGMP (see bottom of Fig.1). The
work occurred in two parts. In the initial stage, we
performed the geometrical global optimizations using
the Basin Hopping algorithm13,14 without any symmetry
constraint. A different set of initial configurations were
used for each system to find the minimal geometries. In
a second stage, we characterized the obtained structures
in the ground state: binding energies, electronic gaps,
and charge analysis using the Bader method15. More-
over, we chose guanine as a benchmark system for testing
the choice for the exchange-correlation functional. We
compared three charge states with both gold and silver
and with different exchange correlations (LDA, PBE, and
RPBE). After comparing the final structures and bind-
ing energy, we obtained that PBE and RPBE give similar
results in terms of structures and type of bond. Thus,
the exchange correlation used in all of the calculations in
this study is the PBE functional. We detail other results
from the comparison in the Appendix.
All calculations in this work have been performed using
the DFT code GPAW 16,17, which combines real space
methods and the projector augmented-wave formalism18.
We used 8.0 A˚ of vacuum around the systems in a box-
shape simulation box and a real-space grid spacing of
0.18 A˚ in all simulations. The structure relaxations were
performed until the atomic forces were below 0.02 eV/A˚.
The electronic states H(1s), C(2s2p), N(2s2p), O(2s2p),
Ag(4p4d5s), Au(5d1s) were included as valence states,
whereas the core states were frozen. The setups were
built up, taking into account the relativistic correction
for the metal noble atoms.
In the configurational search, a temperature of 1000 K
and a maximal step-width of 0.1 A˚ were combined with
the limited-memory Broyden-Fletcher-Goldfarb-Shanno
(LBFGS) algorithm19 as the local optimizer for the Basin
Hopping Algorithm. All the RNA/DNA geometries were
built using the 3DNA software package20 and manipu-
lated using Avogadro21. The figures of structures and
orbitals were plotted using XCrySDen22.
III. RESULTS AND DISCUSSION
We systematically studied all possible configurations
that a noble metal atom (Au and Ag) can form when
combined with nucleobases at different charge states (-
1, 0, +1). From the bases, we included guanine (G),
adenine (A), thymine (T), cytosine (C), uracil (U),
and their respective DNA Watson-Crick pairs: guanine-
cytosine (GC) and adenine-thymine (AT), as well as
the guanine nucleotide (dGMP). All the bases and base
pairs have been protonated to replace the sugar back-
bone. For the guanine nucleotide, apart from the proto-
FIG. 1. Structures studied in this work. Top: Five proto-
nated nucleobases. Guanine (G) and Adenine (A) (Purines)
and Thymine (T), Cytosine (C) and Uracil (U) (Pyrim-
idines). Center : Protonated DNA Watson-Crick base pairs:
Guanine-Cytosine (GC) (left) and Adenine-Thymine (AT)
(right). Bottom: Top view (left) and side view (right)
of the guanine nucleotide: Deoxyguanosine monophosphate
(dGMP). In the top-right box the atomic color convention.
nation in subsequent and precedent nucleotides, we also
protonated the phosphoric group to keep a neutral charge
state in the whole system.
The first step in our research was the choice of the
exchange-correlation functional used in all the calcula-
tions. We compared the performance of three exchange-
correlation functionals: A LDA (PW)23, GGA (PBE)24,
and an improved version of the revised PBE (RPBE)25.
The benchmark systems were both the guanine-Au and
guanine-Ag structures in all possible configurations at the
three charge states (see Supplementary Information). We
found that all three approaches predict in the same order
the most stable structures. However, LDA tends to over-
estimate the number of bonding sites. In general, the
3local functional predicts a higher-binding energy com-
pared to PBE and RPBE. The comparison between the
two GGA functionals shows that RPBE produces better
values in the binding energies as opposed to other DFT
methodologies, but in general it overestimates the bond
length. Meanwhile, the PBE method overestimates the
binding energies, but it provides better results for the
bond lengths. After carefully reviewing of our results,
it was apparent that the binding energies were corrected
from PBE to RPBE for a constant value, so then we
decided to use PBE for all of our calculations.
A. Structures
The interaction of gold and silver atoms with
DNA/RNA nucleobases presents a heterogeneous behav-
ior; however, using our calculations, we extracted an im-
portant set of features about the interactions. In general,
we can describe the dynamic of the bond between one
metallic system and the nucleobases through the analysis
of the charge distribution in the molecular structure. In
the isolated molecule, the hydrogen present in the imide
(N-H), amine (N-H2), and alkene (C-H) functional groups
tends to donate a charge to its bonded atoms, nitrogen
and carbon, by following the order of electronegativity:
N (3.04) > C (2.55) > H (2.20). Additionally, due to the
high electronegativity of oxygen (3.44), this also can act
as an important bonding site for the metallic atoms. The
redistribution in the electronic potential creates different
zones in the nucleobase where the hydrogens behave like
positive centers of charge and the rest as negative centers
of charge.
This fact defines the dynamics of the interaction of
the nucleobase with external charged systems. In gen-
eral, the binding energies for the systems that interact
with silver are much lower than gold; they correlate with
a larger bond distance. For most of the obtained hybrid
metal-structures, the symmetry was planar, with a few
exceptions in the isolated cationic nucleobases —in par-
ticular, in the interaction with the silver atoms. More
exceptions appear in the cationic base pairs, and when
the sugar backbone is considered, the planarity becomes
the exception.
Next, we discuss the main structural features obtained
from our calculations using a DFT/PBE methodology,
ordering the interactions from most to least stable, and
listing the preferred binding sites in order of stability
(see the most stable hybrid DNA/RNA structures for
both gold and silver in the Fig.2 and Fig.3 respectively.
For the complete set of structures see the Supplementary
Information).
1. Neutral nucleobases
In principle, the neutral metal atom can interact with
both the positive and negative centers. The variety of
structures and type of bonds in these systems can be
explained due to the hybridization of the s-orbital with
the d-orbital in the metal atom (see the orbital analy-
sis in Section III B 4). It allows a redistribution of the
electronic cloud that creates an effective dipole moment
that interacts with both the positive and negative cen-
ters in the molecule. This fact explains in a simple man-
ner the previously reported non-conventional hydrogen
bonds9,10 present in the interaction of bare neutral clus-
ters with DNA/RNA nucleobases. The obtained values
for the binding energies show that gold atoms are en-
ergetically more stable than silver when these interact
with the nucleobases. The binding energies for the Au-
nucleobase ranges from 13.38-7.70 Kcal/mol (in the most
stable structure) obeying the following order G > C >
A > T > U. In the case of Ag-nucleobase, the binding
energies ranges from 8.12-3.80 Kcal/mol (in the most sta-
ble structure), and they obey the order C > A > G >
T > U.
On average, the binding energies for gold are around
twice the values obtained for silver. The bond lengths
for the gold-bases are around 0.2 A˚ shorter than silvers.
The first preferred binding sites for the guanine follows
the order N3 > N7 > O6 for gold and N7 > O6 > N3
for silver. Additionally, in the case of the bond with the
oxygen, there is some interaction with the hydrogen in
NH1. The Au-adenine follows the order N1 > N7 > N3,
and the Ag-adenine N3 > N1 > N7. The metal-thymine
hybrid structures follows the order O4 > O2-NH1 > O2-
NH3 for the gold and O2-NH1 > O4 > O2-NH3 for the
silver. In cytosine, the preference for the binding sites
follows the order N3 > O2-NH1 > O2 for both the gold
and silver. The metal-uracil systems obey the order O4-
NH3 > O2-NH1 > O4-CH5 > O2-NH3 for the gold and
O2-NH1 > O4-NH3 > O4-CH5 > O2-NH3 for the silver.
2. Cationic nucleobases.
When hydrogen is charged positively, it interacts re-
pulsively with the cationic metal. The strong attrac-
tive interactions mainly are done through the N and O
atoms or in a combination of both when they are adjacent
in the molecular structure. This fact can be confirmed
by means of the Bader analysis. The binding energy in
cationic structures is higher in comparison to the neu-
tral and anionic systems. In the lowest energetic cationic
structures, the energy bindings range from 70.78-46.27
Kcal/mol in the hybrid cationic gold-nucleobases and
from 68.50-48.16 Kcal/mol in the silver systems. The
first case obeys the order C > U > A > G > T and
the second one follows C > G > A > T > U. The bond
lengths in the gold species are, on average, around 0.15
A˚ shorter than the silver-nucleobase structures. This ex-
plains the fact that in the hybrid silver structures, the
metal tends to bond with double sites when these are
adjacent.
For the cationic systems, we can summarize our results
4FIG. 2. Most stable hybrid gold-DNA/RNA structures (nucleobases, WC base pairs and deoxyguanosine monophosphate) for
the three charge states.
as follows: the binding sites for the cationic gold-guanine
systems follow the order N7 > N3 > O6 and for the
silver N7-O6 > O6 > N3 > N3 > N1, with these last
two lying out of the plane of the molecule. For the gold-
adenine, the binding sites obey the order N3 > N1 >
N7, which coincides with the binding sites for the silver-
adenine systems. In the case of the hybrid gold-thymine
structures, the binding sites follow the order O4 > O2
(H3) > O2 (H1) (the sites in parenthesis indicate the
orientation, but not a physical-chemical binding), and
for the silver-thymine structures, the order O4 (C5) >
O2 (H3) > O4 (H3) > O2 (H1). The interaction of the
cationic cytosine with the gold metal in the cationic state
obeys the order N3 > O2 (N3) > O2 (H1), and in the case
of the silver metal, the order is N3-O2 > O2 (H1). For
the case of the cationic gold-uracil structures, the binding
sites follow the order O4 (H5) > O4 (H3) > O2 (H3) >
O2 (H1), and for the hybrid silver-uracil, the order is O4
(H5) > O4 (H3) > O2 (H3) non planar > O2 (H3) >
O2 (H1). The binding sites and the order are almost the
same, except in the case of silver, when an intermediate
non-planar structure appears.
3. Anionic nucleobases.
The interaction of the nucleobases with the gold atom
in the anionic system presents a bond length (in aver-
age) 0.3 A˚ shorter than in silver. The binding energy of
the most stable structures in gold is around 4 Kcal/mol
larger than in the equivalent silver system. The topology
of the hybrid metal-nucleobase structures is influenced by
the exclusive electrostatic attraction with the hydrogens
in the base and the strong repulsion by the O, N, and C
atoms. This is because the noble metal is almost totally
charged negatively (see the Bader analysis15). The or-
der of stability in the metal-base structures is the same
for both gold and silver: G > T > U > C > A. The
binding energies range between 26.03-31.28 Kcal/mol for
gold and 22.24-28.02 Kcal/mol for silver. For the gold-
guanine structures, the binding sites follow the order H2
(H1) > H9 > H2 (N3), and for the silver case, the or-
der of binding is H2-H1 > H9, with a double bond for
the most stable in the last case. For the gold-adenine
structures, the order of stability is H9 > H6 (N1) > H6
(N7), and for the silver-adenine we have the same first
two sites: H9 > H6 (N1). In the thymine-obtained struc-
tures, in the case of the interaction with gold, the order
of stability in the binding sites follows H3 > H1, and for
the interaction with silver, the only place is H3. For the
cytosine structures, the binding sites follow the same or-
der for both gold and silver H4 (H5) > H1 > H6 (this
last one is a particular structure when the hydrogen is
bonded to a carbon atom). In the gold-uracil structures,
the order in the binding is H1 > H3, and in the case of
the of the silver atom, the only binding site is H1.
4. Watson-Crick Base-pairs.
The effect of pairing between two DNA nucleobases
give origin to a big set of stable structures when these
interact with a noble metal. This number of structures
strongly depends of the charge in the metallic atom,
and the structures can form new geometrical distribu-
tions. For reference, our results for the binding energies
at PBE level for both GC and AT base pairs are 25.45
Kcal/mol and 13.49 Kcal/mol respectively. The obtained
values are in good agreement with other theoretical re-
sults obtained using more accurate methodologies such
as MP226,27 or dispersion-corrected functionals28,29. In
both hybrid metal base pair structures, the stability for
the lowest structure in three charge states follows the
rule Au/Ag-AT > Au/Ag-GC. For the neutral and an-
ionic cases, in the lowest energetic structure, the sta-
bility follows the rule GC > AT, where the most stable
structures are those where the metal atom binds far from
the binding region between the two nucleobases. For the
5FIG. 3. Most stable hybrid silver-DNA/RNA structures (nucleobases, WC base pairs and guanine monophosphate) for the
three charge states.
cationic, the behavior is the opposite and the stability
follows AT > GC, and the most stable structures are
those ones where the metal binds between the two nucle-
obases in the region of the hydrogen bridges. The hybrid
neutral gold-GC base pair structures obeys the order
of stability G(N3) > G(N7) > C(O2-NH1) > G(O6)
> G(O6)-G(NH1)-C(N3) > G(NH2)-C(O2). In their
silver-equivalent GC hybrid structures, the order of sta-
bility follows G(N7) > G(N3) > C(O2) > C(O2 -non
planar-).
A comparison between the Au/Ag-GC neutral struc-
tures and their equivalent neutral Au/Ag-G and Au/Ag-
C structures show a reduction (with an equivalent in-
creasing in the cytosine) of around 2-3 Kcal/mol in the
binding energy when the metal binds the guanine. In the
hybrid gold-AT neutral structures, the stability obeys
the order A(N3) > A(N7) > T(O2-NH1) > A(N1)-
T(NH3) > T(O4) > T(O2). In the silver equivalent hy-
brid AT structures, the order of stability follows A(N3)
> A(N7) > T(O2-NH1) > T(O4) > T(O2 -non planar-
) > T(O4 -non planar-). By comparing the results for
the Au/Ag-AT hybrid system with its individual hybrid
structures, we found no appreciable changes in the bind-
ing energies.
The hybrid cationic gold-GC/AT show a similar be-
havior to its related silvered systems. In both cases, the
most stable structures are those ones where the metal-
lic atom lies in between the two nucleobases. Addition-
ally, there are more stable structures in the hybrid silver
base pairs than in the gold structures. For the gold-
GC structures, the order of stability follows the order
G(O6)-C(N3) >G(N2)-C(N3) >G(N7). For the equiv-
alent silver-GC, the stability obeys the order G(O6)-
C(N3) >G(N7-O6) >G(N2)-C(O2) >G(N3) > C(O6)
> G(O6). If we consider the isolated cationic Au/Ag-
GC structures in comparison with their individual con-
stituents, we found in the most stable configurations a
reduction of around 10 Kcal/mol in the base pair when
both metals (gold and silver) bind the guanine nucle-
obase.
In the hybrid gold-AT systems, the most stable struc-
tures are not planar, and they obey the stability A(N1)-
T(O4) > A(N1-C2)-T(O2). In the case of the silver-AT,
the stability follows the order A(N1)-T(O4) > A(N1)-
T(O2) > A(N6)-T(O4) > A(N3) > A(N7). The pairing
effect reduces the binding energy in around 7 Kcal/mol
when the gold atom binds the adenine. The anionic struc-
tures for both gold and silver atoms interacting with the
GC/AT base pairs behave as the isolated nucleobases,
that is, the metal atom binds the base pair only through
the hydrogen atoms.
The most stable structures in the hybrid anionic gold-
GC systems follow the order of stability C(NH1) >
C(NH5-CH6) > G(NH9) > G(NH2). In the respective
silver structures, the order of stability obeys C(NH1) >
C(CH6). The change in the binding energy during the
formation of the most stable metallic (gold and silver)
anionic GC pair (in comparison with the independent
parts) is an increase of around 5 Kcal/mol in the cyto-
sine and its respective loss in the guanine. In the anionic
gold-AT structures, the order of stability is as follows:
T(NH1) > A(NH9) > A(NH6), and the respective order
for the silver structures T(NH1) > T(CH6). In this case,
the variation in the energy binding due to pairing effect
is less than 2 Kcal/mol for both metals (gold and silver).
5. Deoxyguanosine monophosphate
The inclusion of the sugar backbone in the metal-
guanine system brings new possible configurations. In
the case of the neutral system, among the most stable
structures are a set that is similar to the structures in
the isolated metal-guanine case. In the most stable neu-
tral structure for both metals, gold and silver bind the
N7 site with the OH functional group. The stability in
6the gold case for the planar structures obeys the order
N3 > N7 > O6, and for the silver N7 > N3 > O6 (we
changed the order with respect to the isolated neutral
Ag-guanine). The change in the energy binding in the
comparable cases is a maximum of around 1 Kcal/mol
less when the sugar backbone is considered.
In the cationic structures, the planarity is less favored
due to a strong interaction of the metal with the oxy-
gen atoms present in the phosphoric groups in the sugar
backbone. In the cationic gold-dGMP, the most stable
structure is non-planar, and the order of stability follows
N7 > N3 > O6. For the silver-dGMP, the most sta-
ble structure is planar and coincides with the isolated
cationic silver-guanine N7-O6; the rest are non-planar
structures. For gold, the inclusion of the backbone in the
cationic systems increases the binding energy by around
3-4 Kcal/mol, but it remains constant for silver. In the
anionic case, in both metals a stronger interaction occurs
with the OH functional groups present in the backbone.
A comparison with the equivalent isolated cases shows
that the binding energy for gold increases around 7-8
Kcal/mol when the sugar backbone is included; mean-
while, in silver, it remains almost constant.
B. Ground state electronic properties
1. Ionization Potential and Electron Affinity
In the study of electronic properties of charged sys-
tems, it is important to start by calculating the Ionization
Potential (IP) and Electron Affinity (EA) of the differ-
ent species. The EA lets us estimate the anionic system,
in which the two subsystems will most likely accept the
extra charge. Using the IP, on the other hand, it is pos-
sible to estimate a possible charge redistribution during
the cation’s formation.
In Table I, we present the results in the calculation of
the adiabatic, vertical IP, and EA as total energy differ-
ences, and also from the energy of the highest occupied
orbital for the DNA/RNA nucleobases, DNA base pairs,
and the gold and silver atoms. The quantities were cal-
culated using the definitions EA=E(N)-E(N+1) for the
electron affinity and IP=E(N -1)-E(N) for the ionization
potential. Here, E(N) is the total ground-state energy
of the neutral system and E(N+1) and E(N -1) the total
energy in the same anionic (after adding one electron) or
cationic (after removing one electron) system.
From the simulation, we can see that the EA of the
metals is higher than all the nucleobases and base-pairs.
The results indicates then that the metal atom (Au/Ag)
has a tendency to capture the electron during the forma-
tion of the anionic base-metal and pairs-metal structures.
The experimental values as well other theoretical cal-
culations are all very close, with EA of metals higher than
all the nucleobases, except for the EA of guanine, which
can be smaller than Ag.
The subsystem with the lowest IP would most likely
donate an electron to the bonded system. From the
simulation gold and silver have opposite characteristics.
While the IP of Au is higher than all the nucleobases,
the IP of Ag is smaller than all of them with, the ex-
ception of guanine. From the simulated IP, we expect to
see that in the cation’s formation, the nucleobase loses
one electron when bonded to Au. However, in the case
of the Ag, we expect the opposite that the metal would
lose the electron, again with the exception of guanine. In
the experiment, the same trend is observed (the IP of Au
higher than the IP of the nucleobases and the IP of Ag
smaller than the IP of the nucleobases), however there is
no exception from guanine.
2. Bader charge
As expected from the high values of the EA of the
metals in the case of the anionic metal-nucleobase struc-
tures, there is a large electronic density accumulated in
the metal atom. The Bader charge varies only a little
among all obtained single and paired structures (from -
0.8 |e| to -0.9 |e|, see Table II ). The extra charge present
in the total system is practically localized in the metal
atom.
In the cationic case, the missing electronic charge den-
sity is removed mainly from the metal atom. However,
important variations reflect the difference in the IP of
Au and Ag. The positive Bader charge of Au is smaller
than the positive Bader charge of Ag (it varies from 0.4
|e| to 0.6 |e|, and from 0.7 |e| to 0.8 |e|, respectively). No
exceptional value is found in guanine, despite a different
simulated IP. In the cationic case, even if most of the
electronic charge is removed from the metal, there is an
important contribution from the nucleobase. A trend is
observed, wherein the metal retains a higher charge (in
anion) or loses less charge (in cation) when the metal-
nucleobase bond involves a single oxygen atom; this ex-
plains the Bader’s variability for a given nucleobase. The
structures with the oxygen-metal bond are formed with
the thymine and uracil nucleobases.
In the neutral system, almost no charge is present
in the formed metal-nucleobase, in accordance with the
very low binding energy. A small negative Bader charge
is present in the metal atom in the neutral metal-
nucleobases structures.
The system that includes AT and GC base pairs have
a similar metal atom Bader charge, again with variations
of the order of 0.1 |e|. In the anionic case, the metal is
bound to one of the pairs, and the Bader charge is -0.8
|e| and 0.9|e| for Ag and Au, respectively. In the cation,
the metal has a Bader charge of 0.6 |e| and 0.4 |e| for Ag
and Au.
The addition of backbone to the system guanine-metal
changes the Bader charge by 0.2 |e| in the most extreme
case. The metal accumulates most of the charge in the
anionic case, and the Bader charge is -0.7 |e| for both
Au and Ag, but this is smaller in absolute value than the
7TABLE I. Adiabatic Ionization Potential (IPa), vertical Ionization Potential (IPv), Koopmans’s ionization potential (IPk),
adiabatic electron affinity (EAa), vertical electron affinity (EAv) and Koopmans’s electron affinity (EAk) for the DNA/RNA
nucleobases, WC Base Pairs, guanosine monophosphate and transition metals (gold and silver).
Str. IPa IPv IPk IPexp EAa EAv EAk EAexp
G 7.58 7.86 5.31 7.77 to 7.85a, 8.0 to 8.3b -0.027 0.069 1.44 -0.44e, -2.07 to -0.08f
7.81c, 7.51d 8.05c,7.80d 5.45c,5.27d -0.049c,-0.025d 1.54c,1.43d
A 8.00 8.16 5.54 7.80 to 8.55a, 8.3 to 8.5b -0.279 0.317 1.72 -0.72e,-0.56 to -0.45f
T 8.61 8.78 6.05 8.80 to 8.87a, 9.0 to 9.2b -0.043 0.058 2.30 0.02-0.068e,-0.53 to -0.29f
C 8.63 8.59 5.73 8.45 to 8.68a, 8.8 to 9.0b -0.107 0.187 2.06 -0.10e,-0.55 to -0.32f
U 9.11 9.22 6.29 9.20 to 9.32a, 9.4 to 9.6b -0.079 0.018 2.46 0.03e,-0.30 to -0.22f
GC 6.82 7.11 4.82 7.05,7.50g 0.184 -0.184 2.42 -0.48h
AT 7.43 7.53 5.46 7.85,8.27g 0.287 -0.179 2.19 -0.18 h
dGMP 7.32 7.75 5.33 7.96i 0.31 0.24 1.52 0.24,0.14j
Au 9.54 - 6.03 9.23k 2.25 - 0.84 2.31k
Ag 7.91 - 4.70 7.58k 1.22 - 0.78 1.30k
a Experimental adiabatic values in TABLE IV. in Ref30.
b Experimental vertical values in TABLE I. in Ref30.
c with LDA.
d with RPBE.
e Theoretical adiabatic values in TABLE III. in Ref31 from CASPT2(IPEA)/ANO-L 4321/ 321//CCSD/ aug-cc-pVDZ calculations.
f Experimental vertical values in TABLE II. in Ref31 except for guanine where the values are from the B3LYP range.
g ZPE corrected M06-2X/6-31++G(d,p). TABLE II in Ref32
h ZPE corrected M06-2X/6-31++G(d,p). TABLE I in Ref32
i Vertical IP at MP2/6-311G(d,p)//P3/6-311G(d,p) level. TABLE III in Ref33
j Adiabatic and vertical values at B3LYP/DZP++ level. TABLE I in Ref34
k from Ref35
Ag-G alone by 0.2 |e|. Indeed, the bonding configuration
is completely different with the backbone atoms partici-
pating in it. In the case of the cation, Ag has the same
Bader charge, but Au has a Bader charge of 0.3 |e| that is
0.2 |e| lower than Ag-G alone. Again, the configurations
are different with participation of the backbone atoms in
the bonding.
3. Electronic HOMO-LUMO gap
The HOMO-LUMO gap varies importantly among the
structures. We therefore can expect a high dependence
on the system’s optical properties to discern the metal-
attaching site inside a DNA strand. Not all cases could
be (in principle) distinguished by the use of the electronic
gap, but it will be a powerful tool as a guide to rule out
configurations.
For a given metal, the simplest case to consider is
the anion. The HOMO-LUMO gap of the formed Au-
nucleobases is 1.7-1.8 eV in the case of the single bases
(A, T, C, U). The Au-guanine gap is strikingly different
(2.23 eV), it is reduced by 0.1 eV when the backbone par-
ticipates in dGMP system. In the case of metal bonded
to the pair AT, the gap is reduced considerably (by 0.6
eV) with respect to the corresponding Au-nucleobases.
The same trend is valid for silver. The Ag-G gap is
the highest (1.35 eV), reduced by 0.2 eV with regard to
participation of backbone. All the other Ag-nucleobases
(A, T, C, U) have a similar gap, but they are more
spread out than the Au case (from 0.80 to 0.94 eV). In
the instance where Ag is bonded to the pair AT, the
gap is again reduced considerably (by more than 0.6 eV)
with respect to the corresponding Ag-nucleobases. In the
anion case, the systems’s gaps are smaller when the metal
is Ag than it is with Au.
In the case of the cation, the reverse is observedthe
Ag-bases gap is higher than the Au-bases gap. The elec-
tronic gap in the Au-pair system varies greatly for the
single bases (from 1.23 eV to 1.94 eV). The case of metal
bonded to the pair GC and AT changes the gap. It is
increased considerably (by more than 0.5 eV and 0.7 eV
for GC and AT, respectively). Including the backbone
in the bonding to the Au also drastically changes the
electronic gap. Ag-G changes from 1.23 eV to 2.26 eV in
dGMP. The case of the cation and Ag is similar when
considering the gap variability within the single bases
(from 1.49 to 2.81 eV). The gap in the metal-nucleobase
pairs is completely different than the single ones. Con-
trary to Au, the inclusion of backbone does not signifi-
cantly change the gap between M-G and dGMP.
4. HOMO-LUMO orbitals
The form of the frontier orbitals has the expected
shape, following the analysis of the Bader charge. The
shape of the orbitals for the different bases and metals
are similar, and we include the adenine case in Figure 4
as a reference.
8TABLE II. Bader analysis on the metal atom (in e units): gold and silver (and HOMO-LUMO gap) neutrala for the most
stable DNA/RNA hybrid metal structures obtained at PBE level.
Gold (79) Silver (47)
System neutral cation anion neutral cation anion
G -0.2 (2.05/2.65) 0.5 (1.23) -0.8 (2.23) -0.1 (3.28/1.23) 0.7 (2.30) -0.9 (1.35)
A -0.2 (2.43/1.86) 0.4 (1.28) -0.9 (1.80) -0.1 (3.20/1.28) 0.7 (1.49) -0.9 (0.94)
T -0.1 (1.86/1.85) 0.6 (1.31) -0.8 (1.77) 0.0 (2.88/1.60) 0.8 (1.70) -0.8 (0.88)
C -0.2 (2.43/1.22) 0.5 (1.94) -0.9 (1.71) -0.1 (3.27/0.67) 0.7 (2.81) -0.9 (0.80)
U -0.1 (1.85/1.75) 0.6 (1.57) -0.8 (1.77) 0.0 (2.91/1.62) 0.8 (1.96) -0.8 (0.83)
GC -0.2 (2.01/1.49) 0.4 (2.47) -0.9 (1.64) -0.1 (2.63/0.33) 0.6 (1.87) -0.8 (0.71)
AT -0.2 (2.40/1.63) 0.4 (3.06) -0.9 (1.11) -0.1 (3.11/1.14) 0.6 (3.12) -0.8 (0.29)
dGMP -0.1 (2.26/2.25) 0.3 (2.26) -0.7 (2.11) 0.0 (2.82/1.71) 0.7 (2.24) -0.7 (1.12)
a For neutral systems with HOMO-SOMO/SOMO-LUMO gaps.
TABLE III. Electronic HOMO-LUMOa gaps of all DNA/RNA hybrid metal structures studied in this work (from the most to
the least stable) at the PBE level.
Au Ag
System neutral cation anion neutral cation anion
G 2.05, 2.28, 1.77, 1.23, 0.56, 0.43 2.23, 1.61, 1.92 3.28, 2.43, 2.45, 2.30, 0.80, 0.93, 1.35, 0.74
1.56, 0.35, 0.25 0.67 0.82, 0.71
A 2.43, 2.43, 2.41, 1.28, 1.26, 0.81 1.80, 1.28, 1.48 3.20, 3.19, 2.95 1.49, 1.51, 1.12 0.94, 0.47
T 1.86, 1.80, 1.78, 1.31, 0.81, 0.97 1.77, 0.96 2.88, 3.12, 3.00 1.70, 1.04, 1.44, 0.88
0.58 1.28
C 2.43, 1.94, 1.72, 1.94, 1.95, 1.57 1.71, 1.69, 1.41 3.27, 3.02, 3.09 2.81, 1.91 0.80, 0.81, 0.48
U 1.85, 1.76, 1.73, 1.57, 1.37, 0.91, 1.77, 0.93 2.91, 3.10, 3.15, 1.96, 1.79, 1.31, 0.83
1.76 1.11 3.08 1.40, 1.33
GC 2.01, 2.32, 0.94, 2.47, 2.40, 0.75 1.64, 1.35, 1.09 2.63, 2.39, 1.59, 1.87, 1.72, 3.45, 0.71, 0.31
1.67, 3.43, 1.33 0.37 1.72 0.66, 0.03, 0.15
AT 2.40, 2.45, 1.58, 3.06, 2.01 1.11, 1.09, 0.25 3.11, 2.95, 2.23, 3.12, 3.53, 3.40, 0.29, 0.08
2.39, 1.60, 1.55 2.33, 2.44, 1.93 0.44, 0.12
dGMP 2.26, 1.75, 1.58, 2.26, 1.21, 2.12, 2.11, 2.04, 1.69, 2.82, 3.29, 2.22, 2.24, 2.20, 2.62, 1.12, 1.20, 0.87,
2.28, 1.79, 1.70 1.51, 0.69, 0.61 1.71, 1.61, 1.22 2.42, 1.86, 2.32, 1.44 0.76,0.59, 0.42
a For neutral systems the HOMO-SOMO gap.
In the case of the anions, the extra electronic charge is
highly localized in the metal. The HOMO of the anionic
case is also localized in the metal, and corresponds as
expected to the metals closed 5s or 6s electronic shell.
The anionic system’s LUMO is in all cases the LUMO of
the non-bonded nucleobase.
In the case of the cationic system, the electronic charge
is donated by both subsystems metal and the nucleobase.
Correspondingly, the form of the LUMO in the cationic
case is an electron delocalized between the metal and
the nearest atom(s) in the nucleobase forming the bond.
Because there are different types of atoms in the bond
between the structures, this explains the variability of
the electronic gap. The HOMO of the cationic system is
the HOMO of the non-bonded nucleobase.
When forming the pairs (see Figure 5), the HOMO
of the anion remains localized in the metal and LUMO
in one of the bases. In the pair AT, while the metal
binds to T, the LUMO is localized in A. The opposite
appears in the GC pair. The metal binds to C, but
the LUMO is localized in C. In the cation, where the
metal is binding simultaneously both bases in the pair,
the HOMO and LUMO are localized in the bases. In the
GC pair, HOMO is in G while LUMO is in C; and in
the AT pair, HOMO is in A, while LUMO in T.
The anion system that includes the backbone has the
same HOMO and LUMO as the metal-base alone (see
Figure 6). The cation case, however, is quite different,
as would be expected from a new configuration that in-
cludes a bond between the metal and atoms in the back-
bone. The HOMO is delocalized between the metal and
the base (it was only on the base in absence of the back-
bone), and the LUMO is also an orbital delocalized be-
tween the metal and the base. Depending on the case,
the HOMO-LUMO transition is expected to have a low
or high oscillatory strength in optical absorption. A com-
plete analysis of the other orbitals, along with their rela-
tion to bonding and optical properties, will be reported
in a following study.
9FIG. 4. Representative HOMO-LUMO Kohn-Sham Orbitals
for the isolated adenine (A) nucleobase (on the left) and its
lowest energetic gold hybrid structures in three charge states:
neutral, cationic, and anionic.
FIG. 5. Representative HOMO-LUMO Kohn-Sham Orbitals
for the isolated adenine-thymine (AT) base pair (on the left)
and its lowest energetic silver hybrid structures in three charge
states: neutral, cationic, and anionic.
IV. CONCLUSIONS
Our results provide an exhaustive study of the in-
teraction, stability, and electronic properties of the
DNA/RNA nucleobases interacting with the noble metal
atoms (gold and silver) in three charge states: cationic,
neutral, and anionic using a DFT real-space methodology
implementation. We have taken into account the paring
effect by studying the Watson-Crick base pairs and by
including the sugar-backbone in the guanine nucleobase.
FIG. 6. Representative HOMO-LUMO Kohn-Sham Orbitals
for the isolated guanine monophosphate (dGMP) structure
(on the left) and its lowest energetic gold hybrid structures in
three charge states: neutral, cationic, and anionic.
We found that the hybrid metal structures topology is
dominated by an electronic redistribution of charges in
the molecule. In general, nitrogen, oxygen, carbon, and
phosphorus behave as negative centers, while hydrogen
behaves as a positive center. For anions and cations, the
bonding energy of the metal-base increases as the Bader
charge of the atom base increases, and the bonding en-
ergy decreases when atoms that are opposite charge cen-
ters are present. The Bader analysis showed that the
gain in electronic charge is mainly localized on the no-
ble metal atom for anions. For cations, the electronic
charge is donated partially by the metal and partially by
the nucleobase (so the donation charge is shared almost
equally).
In the neutral case, binding occurs through positive
and negative centers, where the s electronic orbital in
the metal atom hybridizes with the d orbital by redis-
tributing the charge to favor the dipolar interaction. For
the anionic case, the orbital analysis of frontier orbitals
is also homogenous. The HOMO orbitals are localized
in the metal and the LUMO are localized in the nucle-
obase, with no change induced by the inclusion of the
backbone or pairing. In the cationic case, the HOMO is
localized in the base, and also in the backbone when in-
cluded, while the LUMO is delocalized between the metal
and base. When considering pairs, HOMO and LUMO
are each localized in a different nucleobase. Finally, the
electronic gap varies greatly among all of the considered
structures, and is particularly sensitive to the backbone
participation in the bonding. Thus, it could be used as
a fingerprint when searching Au/Ag-DNA hybrid atomic
structures.
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